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Abstract
Our contribution consists of the demonstration of the advantages of LES-WALE coupled with PDF 
approach including progress variable (c) in reacting flow, by using the Fluent-CFD. The confirmation is based on the 
comparison of three parameters: mean longitudinal velocity, intensity of longitudinal velocity and lengths of 
recirculations zones. In line with what was observed by the experimental reference study, the simulation succeeds to 
detect the flame zone of the recirculating region and shows the differences between the different cases of flows in 
variable equivalence ratio (ĭ  and 0.75) or in variable mass flow rate (Q= 65 and 195 g/s). All cases of study 
considered the identical conditions from the tow supply channels of the burner. The main issue is the modeling of the 
closure of the turbulent combustion. In addition, the numerical simulation predicts as well as the asymmetry and the 
symmetry flow, respectively, for inert and reacting flows. 
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Nomoclature
c Progress variable
Cw WALE -model constant
D Diffusion coefficient 
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I Intensity turbulent 
k Subgrid kinetic energy
P Pressure
S Tensor velocity of deformation
t Time
T Temperature
u Velocity component
x Spatial coordinate
Y mass fraction
Z Mixture fraction.
G Kronecker delta
N Thermal conductivity
P Molecular viscosity
tP Turbulent viscosity
Q Kinematics viscosity
U Mass density 
Ɏ Equivalence ratio
W           Viscous stress tensor
LES Large eddy simulation.
LPP Lean Premixed Prevaporized
LZR Length of Zone of Recirculation
Introduction
Lean premixed prevaporised (LPP) combustion is considered practical in the development of 
systems of aeronautical propulsion and many aspects of the interaction with turbulence [1-3]. Most 
numerical computations of turbulent combustion gases are currently performed with the use of Large 
Eddy Simulation (LES) model [4-7]. Consequently, the gaseous mixture in the combustion chamber may 
be feature by the equivalence ratio that may compromise the targeted objective in terms of pollutants 
emission reduction and also the control of the combustion stability [1, 8-10]. 
Besson et al. have developed an ORACLES benchmark (One Rig for Accurate Comparisons 
with Large Eddy Simulations), which is a Lean premixed prevaporized combustion supplied by two 
identical flows of premixed air and propane [3]. The important results obtained allowed to 
characterization of the average structure and unsteady inert and reactive flows developed in downstream 
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of the sudden expansion. This shows the asymmetry of inert flow for the identical inlet conditions. 
However, symmetry given by the presence of the combustion when the mass flow rate and equivalence 
ratio of the supply flows is identical [1-3]. Nguyen et al.[1, 2] continued their works in the framework of 
the European program modeling of low emission combustors using Large-Eddy simulations 
(MOLECULES) aimed at promoting the extensive use of LES to model low emissions combustors. The 
goals of the study are the influence on the characteristics of all flows with variation of the thermal power 
with change mass flow rate or equivalence ratio and the determination of extinction characteristics of lean 
combustion, according to different parameters defining the flow achievable with ORACLES benchmark 
[1, 2]. KURENKOV and OBERLACK [10] used the Reynolds Averaged Models coupled with the G-
HTXDWLRQDSSURDFKIRUVLPXODWLQJWXUEXOHQWSUHPL[HGFRPEXVWLRQDQGXVLQJWKH25$&/(¶VFRQILJXUDWLRQ
for the validation. All the obtained results based on 2D simulations, present two cases: The first is purely 
devoted to the inert flow for the mass flow rate Q= 65 g/s. The second one concerns the combustion, for 
same mass flow rate from inert case and equivalence ratio ĭ= 0.75. The results are computed for the half 
of the chamber and then mirrored with respect to the symmetry plane. This did not allow the visualization 
of asymmetrical flows and the difference between the two zones of recirculation in inert case. However, 
Reynolds Averaged Model is applicable only enough far of the wall which is needed on the logarithmic 
law oIZDOODQGLVEDVHGRQXQLTXHQHVVRIWKHVFDOHZKLFKGRHVQ¶WDOORZWKHPRGHOLQJRIRWKHUVFDOHVDQG
which influences the results [10]. 
Our work is focused on applying the model of Wall Adapting Local Eddy Viscosity (WALE) based 
on probability density function of the progress variable (c) in 3D simulation. Our idea is to use this model 
WRUHFRYHUWKHSURSHUEHKDYLRURIWKHHGG\YLVFRVLW\IDUDQGRUQHDUWKHZDOOVLQWKLVZD\ZHGRQ¶WQHHGWR
implement the auxiliary model to calculate velocity in the zones close to the walls. It necessary to know 
any source term of spices production, in order to resolve the equations species. Again, with PDF approach 
we can surmount problem without need to definition this term, but with new conception about equations.
Computations are performed using the FLUENT_CFD. The study includes inert and reactive cases of 
flows. The confirmation of the calculated parameters (mean longitudinal velocity and fluctuation of 
longitudinal velocity and length of recirculation zones) given by experimental data of Nguyen et al. [1, 2] 
are obtained in MOLECULES EU- research program. 
1. Experimental reference case and computational domain
A brief description will be given on the ORACLES-Burner; more details are in references [1-3].
In the experimental set-up, both the fuel (commercial propane) and the air are supplied from high pressure 
storage reservoirs; afterwards they are premixed and homogenized during their flows in two separate 
identical channels before entering the combustion chamber. Both channels have constant rectangular 
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cross section and have 3270.4 mm in length, needed to obtain a fully developed turbulent channel flow. A 
schematic view of the ORACLES-burner is shown in Fig.1. The combustion chamber, 2000 mm in 
length, is thermally insulated. We recall that the Reynolds number is calculated by Re= UbH/Ȟ. The height 
of the inlet channel H = 30.4 mm and the viscosity of fresh mixture (propane/air) at T = 276 K. The 
different labels and parameters that characterize the different flows are listed in Table 1.
Fig. 1 Schematic of the entire ORACLES.
Table 1 Main parameters of the test cases (atmospheric pressure, temperature of the incoming flows = 276K) [1, 2].
Case Chanel Re Q(g/m) Ub(m/s) (TXLYDOHQFHUDWLR³Ɏ´ Thermal power (kW)
nc1 Upper
Lower
25.000
25.000
65
65
11
11
-
-
-
-
c1,1 Upper
Lower
25.000
25.000
65
65
11
11
0.65
0.65
110
110
c1 Upper
Lower
25.000
25.000
65
65
11
11
0.75
0.75
110
110
m1 Upper
Lower
75.000
75.000
195
195
33
33
0.75
0.75
330
330
2. Governing equation
The filtered governing equations in LES for compressible flow can be written in Cartesian 
coordinates as [5,7]:
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Where: i=1, 2, 3 and j=1, 2, 3 
Thermodynamic state TRp m~U (5)
The majority of the subgrid models are based on the assumption of Boussinesq which present the 
tensor of the unsolved constraints ijt to the tensor velocity of deformation ijS
~
by the intermediary of a 
turbulent viscosity. The small scales influence the large scales via the subgrid-scale stress [5,7]:
ijllijtij kS GUQUW 3
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Where llk is the subgrid kinetic energy. The filtered strain rate tensor is defined by [16, 19]: 
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We selected the WALE (Wall-Adapting Local Eddy-Viscosity) eddy viscosity model from 
Nicoud and Ducros [5] to represent the eddy viscosity term in Eq8. The main idea of this model is to 
recover the proper behavior of the eddy viscosity near the wall in case of wall-bounded flows, while 
preserving interesting properties such as the capacity to provide no eddy-viscosity in case of vanishing 
turbulence (property required for the transition from laminar to turbulent states). The major interest of this 
model first relies in on the fact that it needs no information about the direction and distance from the wall 
(avoiding the use of any damping function) thus being really suitable for unstructured grids, where 
evaluating a distance to the wall is precarious. The residual stress tensor of the WALE eddy viscosity 
model can be found as [5]:
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Cw: WALE model constant (Cw =0.49). The ' is the spatial filter width, which is generally 
related to the grid size of the resolved field.
3. Results and discussion
The results are normalized by the step height h=29.9 mm and the inlet bulk velocity each for 
correspondent flow case, Ub =11and 33 m/s. All the simulation and the experimental results are presented 
and compared using these units. 
3.1 Inert flow
We give in first the results of the inert flow in order to use it in the comparison with each case of 
reactive flow considered in this simulation study. Figures 2(a) present the comparison for LES_WALE 
model and experimental [1, 2] mean longitudinal velocity and fluctuation of longitudinal velocity profiles. 
The results show adequate agreement with the experimental data. Except in the first station (x=0) in 
figure 4 where the computation gives the velocity values lower than the experiment ones, in the remaining 
stations, it also give almost the same evolutions of velocity (x=4h and x=8h). In particular, the position of 
the tow peaks of velocity, which is well reproduced by the present numerical computation. These two 
peaks are attenuated downstream of the burner (x=8h) and it is observed that velocity field increase with 
longitudinal distance [1, 3]. Moreover, the simulation detects, as observed in the experiment, two 
recirculation zones, in the upper and lower corners. Both zones are caused by the edges between the 
supply channel and the combustion chamber, these facing step make backward the flow in these zones [1-
3, 5, 10]. The most prominent feature in inert case is the asymmetric mean flow with two unequal 
reattachment lengths on the top and bottom walls. We determine the average lengths of the recirculation 
zones. The obtained results, presented in table 2, show that the length of the upper zone of recirculation 
/=5§10.0h LV URXJKO\ WZLFH ODUJHU WKDQ WKHGRZQRQH /=5§.0h), this is in agreement with the 
reference experimental data. It is important to note that in Besson and Duwig study simulation for 
different conditions of flows, they had obtained an opposite situation with a zone of lower average 
recirculation longer than the higher zone [3, 5]. In agreement with the experimental observations, the 
simulation detects the asymmetry in the longitudinal velocity fluctuations, as shown in figure 2 for all the 
stations. We note that both in the experiment and in the computation the velocity fluctuations are 
developed in regions with a strong mean velocity gradient. From x=0, x=4h and x = 8h stations, we 
deduce that the turbulent fluctuation values are well reproduced by the present computation. Particularly, 
it is worth to notice that the velocity fluctuations in the inert case exhibit always important amplitudes, 
particularly around 0.22Ub [1, 2]
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Fig. 4 Comparison of the longitudinal velocity and the longitudinal velocity fluctuation.             LES mean
longitudinal velocity;           Experimental mean longitudinal velocity;            LES longitudinal velocity fluctuations;    X    
Experimental longitudinal velocity fluctuation.
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3.2 Reactive flows
Figs 2(b), (c) and (d) presents the profiles of the component averages longitudinal velocity and 
the associated profiles of fluctuation for c1.1, c1and m1 presented in table 1. Mean longitudinal velocity 
profiles appear being perfectly symmetrical compared to the horizontal median plane located on y= 
2,18h. The profiles of mean longitudinal velocity obtained for the low equivalence ratio are lightly 
compressed compared to the profiles obtained for the inert flow (nc1), so the poorest flow is strongly of 
less acceleration. The double peak in the graphs presents the shear layers formed by the interaction with 
the wake generated by the trailing edge of the splitter plate which initially separates the two supply 
channels. The flame front stabilized at the level of shear layers [1-3, 10]. The peaks that are present for 
the flows c1.1, c1 and m1 are almost absent in the last station x=8h and being to disappear downstream 
from the combustion chamber. It is easy to see that at x = 8h, the combustion is far from over [1, 2]. The 
experiment and the computational model show that in the burnt zone, the velocity field takes higher 
values, where the burnt gas expands and accelerates the flow. For example, we calculate the velocity 
corresponding to the burned gas flow in the burner for c1 flow. We note that at x = 8h the maximum 
value of the report u/Ub barely reaches 2 and that the central area of the flow between 1h <y <3h is such 
that the reduced velocity ratio u/Ub is between 1 and 2. The acceleration depends significantly the flow 
considered. For example, a forte increases in the mean longitudinal velocity for the c1 flow. While the 
influence of the combustion is a little slow to be faster in the flow m1. Note also that the acceleration of 
the velocity field induced by the development of combustion leads to a behavior already observed in 
experimental study of Nguyen et al. and Besson et al. [1-3]. Figs 2(b), (c) and (d) show a mean relative 
uncertainly about 4%.
The influence of the value of equivalence ratio is significant, when we consider the changes in 
velocity (Figs. 10, 11 and 12). The fluctuations longitudinal of velocity may to distinguish two classes of 
the behaviors of the reactive flows. The lean flows c1.1 flow (Figs.2 (b) for which one observes that the 
fluctuations of the longitudinal velocity remain the low then obtained for the flow nc1 inert and are 
characterized by a maximum approximately of 0.2Ub. The second class is made of flows c1 with richness 
of 0, 75. This flow is characterized by the field of the longitudinal velocity fluctuation X¶ (Figs 2(c)), 
reaching levels of very high value, with more than 0.5 Ub. The longitudinal fluctuation values in first 
station x=0 become sensitive to the value of the richness of the incidental mass flow rate with a clear 
increase. The associated symmetry of the profiles is noticed. The maximum values are observed in the 
two layers of shearing between the high velocity and the zones of recirculation. In the zone close to 
widening, the double peak associated with the wake is quite present and is reabsorbed at x = 4h. For the 
maximum values of the fluctuation which are observed in figs 2(a), (b) & (c). From x=8h, a clear 
reduction in the values of the fluctuations velocity compared to what is observed for the inert flow nc1 [7,
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8]. The profiles of the fluctuations longitudinal of velocity give average relative uncertainty 
approximately of 3%.
The presence of the two zones of recirculation is attested by the negative values of the mean 
longitudinal velocity. To clarify this aspect, we made a determination of mean length of the recirculation 
zones by measuring, for each of them, the longitudinal velocity to 2 mm near the walls (top and bottom 
wall) for the all flows [1, 2]. The figs 2(b), (c) and (d) show values of mean longitudinal velocity, the 
symmetry of the velocity profiles as well as the equal in the average lengths of recirculation zones. The 
obtained results of comparison that concern LES_WALE and experiment, illustrated in table 2, show that 
WKHXSSHUOHQJWKRIUHFLUFXODWLQJ]RQHLQLQHUWIORZ/=5§10h) is roughly twice to thrice larger than the 
length of reacting flows. In addition, lengths of zones of recirculation of reacting flow remain lower than 
GRZQOHQJWK/=5§h) for the inert case. The combustion causes an important reduction of the lengths 
of the recirculation zones comparatively to the inert flow. The length of the zones of recirculation is a 
strongly decreasing when the value of the equivalence ratio increase (Table 2). That is an inverse 
relationship between the length of recirculation zone and equivalence ratio. Thus according to Nguyen et 
al. and Besson et al. [1-3], for example for the flow c1, a reduction length of more than 50% for the lower 
zone and 70% for the higher zone is observed compared to that obtained for the inert flow. However, this 
reduction is slightly less important for the flow of height velocity inlet (m1). Thus, the relationship 
between the mass flow and the average length of the zones of recirculation is a proportional.
Table 2 Length of the recirculation zones for the two flows considered
Case
Length of the lower recirculation zone            Length of the upper recirculation zone
Simulation Experimental Simulation Experimental
nc1 6.0h 5.5h 10.0h 8.0h
c1,1 3.35h 4.9h 3.35h 4.9h
c1 3.3h 2.3h 3.3h 2.3h
m1 4.01h 4.2h 4.01h 4.9h
Conclusion
Lean premixed prevaporised turbulent combustion is a complex phenomenon that involves multi 
discipline physics to describe and understand it, hence the acquiring of knowledge useful for the design of 
reliable LPP combustion chambers. The present work aiming to testing numerical simulation models 
based on LES-WALE model coupled on PDF approach. We have performed a 3D numerical simulation 
using the commercial CFD package Fluent. The validation was based on the comparison with 
experimental data Nguyen et al. [1, 2]. The following conclusions may be drawn from this study:
260  Fethi Bouras and Azeddine Soudani / Energy Procedia 6 (2011) 251–260
x Application of LES_WALE for reactive flow gives the ability to detect the morphology of flow, i.e. 
flame and zone of recirculation presented in experimental data of Nguyen in MOLECULES 
framework,
x LES-WALE eddy viscosity makes it possible to calculate velocity directly at the zone near the wall. 
However, the other dynamic models require the intervention of the auxiliary models,
x Verification of symmetrical and asymmetrical flow in the different cases of flow that are proved 
experimentally by Besson and confirmed later by Nguyen.
x Results obtained in this work allow us to exploit them directly in other domains: Exergy, environment.
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